The fabrication process of transparent YAG (Y 3 Al 5 O 12 ) ceramics with an emphasis on examination of the sintering process and microstructural analysis is reported herein. Nanometric powder with an equivalent spherical diameter d BET = 60 nm consists mainly of hexagonal YAP phase (YAlO 3 ). According to sintering analysis carried out using a dilatometer and high-temperature XRD analysis, the phase composition and phase transformation taking place at elevated temperatures accompany the sintering process and the fastest sintering rate was observed at temperatures of YAG formation. Based on the dilatometric and XRD analyses vs temperature, three temperatures were selected for pressureless sintering. Presintered samples were subjected to sintering under isostatic pressure using a hot isostatic pressing, after which transparent YAG was obtained. The best results were obtained for samples presintered at a relatively low temperature of 1600°C, and for thus obtained sample, the in-line transmittance was 64% at k = 808 nm.
Introduction
Yttrium aluminum garnet (Y 3 Al 5 O 12 -YAG) due to its unique properties finds application in various fields. Transparency in a wide spectrum range of electromagnetic radiation (0.2-5.5 lm), a relatively high thermal conductivity in comparison with other oxide ceramics (14 W m -1 K -1 ) and the possibility of doping with rare earth elements predestine YAG for application in optoelectronics as a matrix for laser active ions. The combination of excellent optical properties, stability at high temperatures and high hardness causes that YAG materials find application also in the refractory industry, e.g., as viewfinders.
In order to obtain transparent YAG, the material has to be of theoretical or near-theoretical density, and there are, generally, two paths. The first one involves the fabrication of single-crystals. The most popular method for YAG single-crystal fabrication is the Czochralski method [1] ; for the smaller parts, micro-pulling-down technique, crucible laser heating pedestal method [2] and single-crystal growth from powder assisted by liquid phase [3] can be used. All methods for single-crystal fabrication are time-consuming and demand extreme temperatures, e.g., for Czochralski method, the crystal growth rate is about 2 mm h -1 and the melt has to be kept at temperatures above 1940°C.
Second approach for fabrication of transparent YAG materials involves the fabrication of a polycrystalline body with a porosity of less than 100 ppm [4, 5] . There are numerous reports on the fabrication of YAG ceramics. Most of the presented methods involve the utilization of sintering aids such as silica, nanosilica [6, 7] or TEOS [8] [9] [10] [11] and involve sintering for at least 10 h at temperatures above 1700°C.
Extensive research has been made on the fabrication of finely grained, transparent YAG ceramics using a toroidal high-pressure cell. The temperature of the process was 450°C at a pressure of 2-8 GPa [12, 13] . The densification process takes only 1 min, but this method is limited to the fabrication of small parts.
The fabrication method of transparent polycrystalline YAG material with an emphasis on microstructural aspects is described herein. The nanopowder selected as a starting material was examined in terms of particle size distribution and phase composition. Dilatometric measurement of the sintering process was compared with high-temperature XRD analysis. For the densification of ceramics in postsintering process in hot isostatic pressing (HIP), it is crucial that only closed porosity is present in the ceramic body, i.e., the relative density is at least 90%. Only then, the external pressure of argon causes pore closure due to the dissolution of gases encapsulated in pores into the ceramic material. In the HIP process also the enhanced rate of grain rearrangement may take place, which is effective in finely grained ceramic bodies.
Materials and methods
In the research, nanopowders of yttrium-aluminum garnet (Y 3 Al 5 O 12 ) provided by Nanocerox Inc. were used. The particle size was characterized by dynamic light scattering technique and calculated from the specific surface area measured by BET technique (Gemini VII, Micromeritics Instrument Corp.). Particle size distribution analysis was conducted by means of a zeta potential and particle size analyzer Zetasizer Nano ZS (Malvern Instruments Ltd, Worcestershire, UK) for diluted suspensions, which underwent ultrasonication (VibraCell VCX130, Sonics and Materials Inc., Newtown, USA) prior to measurement. The analysis results are presented in terms of Z average (Z ave , also referred to as the cumulants mean or harmonic intensity averaged particle diameter) and polydispersity index (PdI), and these data are derived from the intensity of the overall mean particle diameter value and the overall average polydispersity, respectively. These are supported by median particle diameter (d V50 ).
The microstructure of powder and polished sintered ceramics was characterized by means of scanning electron microscopy (Nova NanoSEM 200, FEI Company). X-ray diffraction was performed in a Bragg-Brentano system using a diffractometer Bruker-AXS D8 DAVINCI equipped with a lamp with a copper anode. Diffractograms were recorded in the angular range of 5°-120°2h (Cu Ka), the measurement step was 0.01°, and time was 1 s per step. Identification of phases was performed by comparing the recorded diffraction patterns with patterns modeled in the database ICDD PDF-2 and PDF-4 ? 2013 using DIFFRACplus EVA-SEARCH. When applicable, i.e., with main phases the content of which was above 5%, the analysis of the crystallite size was based on the Scherrer formula using DIFFRACplus TOPAS v4.2. In other cases, the crystallite size was estimated by means of Lorentzian peak widening.
For phase analysis in a function of temperature, the diffractometer was equipped with a heating chamber. Diffractograms were recorded in the angular range of 14°-65°2h (Cu Ka), the measurement step was 0.02°, and time was 3 s per step. The sample was placed in a heating chamber in vacuum on platinum-rhodium tape joined with a type S thermocouple. The measurements were taken in selected temperatures within the range of 35-1600°C. The quantitative analysis was conducted by Rietveld method using TOPAS v4.2, and the quantity of the amorphous phase was not measured.
For sintering investigations, powders were granulated with addition of a binder (water solution of polyvinyl alcohol-Optapix, Zschimmer & Schwarz, Germany) and plasticizer (water solution of polyethylene glycol; M w = 1500; Aldrich) and uniaxially pressed in ceramic molds into cylindrical samples with a diameter of about 16 mm and a height of 2.3 mm. The green bodies were isostatically densified in a cold isostatic press at a pressure of 250 MPa to an average relative density of 51.2% (standard deviation = 0.5%). Thus, obtained samples were subjected to two-step sintering process: pressureless sintering in air atmosphere and sintering in conditions of high temperature and pressure of inert gas (argon) using a hot isostatic pressing (HIP).
The measurement of linear changes of pressed granulates was taken using a Netzsch high-temperature dilatometer (model Dil 402E) equipped with a graphite furnace. For the dilatometric measurement, a cylindrical sample of 6.56 mm in height and 5.5 mm in diameter was prepared from the granulate prepared as described above. The measurement was taken in a temperature range of RT to 1750°C with a temperature gradient of 5°C min -1 in helium flow.
Prior to the dilatometric measurement, calibration was carried out with a graphite standard of known properties and expansion. The measurement was taken under the same conditions (temperature heating program, atmosphere, gas flow rate) in order to determine the signals related to the expansion of the device elements and to correct the results obtained during the proper measurement.
Density and open porosity of sintered bodies were measured by Archimedes method. The results were averaged, and standard deviation was calculated based on the measurements of nine samples.
In order to characterize the microstructure of the obtained YAG ceramics, samples were axially cut, polished and thermally etched to reveal the grain boundaries. Microstructure was analyzed by scanning electron microscopy. Two-dimensional microstructure SEM images were used to estimate grain size. The diameter of grains was described by projected area diameter (d 2 ), which is the diameter of a circle having the same area as that projected by the particle [14] . The area of the grains was determined using AxioVision LE64 (Carl Zeiss Microscopy GmbH). The grain size statistics was made by number (d n ).
Transparency of the obtained ceramics was evaluated using Spectrum One CCD detection system. (The research was carried out at the Institute of Physics PAS.)
Results and discussion

Powder characterization
In Fig. 1 , images obtained by SEM of the YAG powder used in the research are presented.
According to SEM observations, the powder occurs as in micron-sized agglomerates consisting of fine, globular nanoparticles ( Fig. 1 ). The measurements of crystallite size showed that the crystallites (d cryst. ) are below 50 nm ( Table 2 ). The specific surface of the powder is relatively high (22.09 m 2 g -1 ), and the calculated BET spherical particle diameter is 60 nm. The dynamic light scattering measurement of particle size provides information about particles of median diameter d V50 = 382 nm and cumulants mean Z ave = 406 nm (Table 1) .
There are significant discrepancies between the values of d BET , d V50 and d cryst. , which result from the different nature of the measurements. The crystalline size estimated by XRD gives information about the average size of regions of the same crystallite structure [15] . This value is always smaller than the measurements estimated by imaging techniques due to the presence of disordered matter at the surface of nanoparticles [16, 17] .
Calculation of d BET produces information about the average size of primary particles visible in SEM imaging. However, the nanoparticles occur in a form of agglomerates, which are stable in water and remain in a slightly agglomerated state even after ultrasonification. The measured value is the hydrodynamic diameter, which means that the diameter is enlarged by the layer of solvent particles stiffly adsorbed at the particle surface. This layer can be significant in the case of nanoparticles due to their high surface energy.
Surprisingly, commercially available powder described as YAG in reality consists mainly of hexagonal YAP phase (82%) and regular YAG phase that makes up only about 6% of the powder (Table 2) . Additionally, monoclinic YAM, c-alumina and other phases are present in quantities of a few percent. The presence of YAP, YAM and YAG phases indicates that the powder was produced in an environment with inhomogeneous temperature distribution as YAM phase is formed in temperatures of about 900°C and YAP-above 1000°C [18] [19] [20] . 
Investigation of sintering process
The assumption was made to design a transparent YAG fabrication method with the aid of hot isostatic pressing (HIP) without the encapsulation process. HIP process is effective only if the processed body reaches a density of min. 90%, then it is guaranteed that the residual porosity is an open porosity and does not interfere with the densification of the body [21, 22] . For this reason, the presintering process was thoroughly investigated. In Fig. 2 , the results of the phase analysis measured in situ inside a heating chamber and the dilatometric curve are presented.
In the phase content vs temperature graph (Fig. 2) , only main phases are shown. The phase composition remains constant up to a temperature of 900°C. At a temperature of 1000°C, a decrease in the YAP phase amount is observed; instead, YAG phase is formed. With further increase in temperature, the amount of YAG phase increases in an approximately linear manner. Above a temperature of 1350°C, the process continues together with a decay of YAM phase. At a temperature of 1450°C, only YAG phase is observed. Phase transformation temperatures are lower than those reported for the reaction between Al 2 O 3 and Y 2 O 3 powders [20, 23] , as the powder used in the experiments was mixed on the atomic level, and less energy was needed for atomic diffusion in comparison with energy needed for atomic diffusion in a mixture of alumina and yttria powder.
The dilatometric curve shows that the sintering process proceeds in three stages and partly corresponds to the phase transformations (Fig. 2) .
The first sintering step starts at temperature of 968°C with maximum linear change rate at a temperature of 1011°C and linear change of 1.6%. The YAP phase decay starts in the same temperature range. The second sintering step begins at a temperature of 1255°C with the maximum linear change rate at a temperature of 1369°C and is accompanied with the most intensive sintering effect (dL/ dL 0 = 16.5%).
The densities of the YAG, YAP and YAM phases calculated from the crystal structure measured in XRD analysis are, respectively, 4.5218, 4.5208 and 4.4337 g cm -3 . Although YAP and YAM phases are of lower densities, based on this data, the rough estimation of the overall linear change calculated from the volumetric change of the phases is 4%. Therefore, it can be concluded that the shrinkage observed in the temperature range of 1000-1450°C results only in minor part from phase transformation and the sintering process is predominant. The process has the characteristics of reactive sintering.
A similar behavior was observed in other works concerning phase transformation-assisted sintering not only of YAP, but c-alumina and anatase as well [24] [25] [26] [27] . According to these works, enhanced sintering rates occurring at temperatures of phase transformation result from increased mobility of atoms due to the bound breakage. Additionally, phase transformations of grains cause a reduction in their volume. The shrinkage of grains can lead to their rearrangement and their better packing [24, 27] .
In the temperature range of 1605-1726°C, the last sintering step is observed with a linear change of 1.0% and the maximum sintering rate temperature of 1667°C. According to phase content vs temperature analysis in this temperature range, no phase transformation takes place, and thus, the observed shrinkage can contribute to grain growth [28] . Approximated temperature values Fig. 2 Phase content in a function of temperature from XRD measurement in a heating chamber (upper graph) and dilatometric curve and its derivative (lower graph) 
Properties of the sintered bodies
Based on the dilatometric analysis supported by the phase analysis in temperature, three temperatures for pressureless sintering were selected: 1600, 1670 and 1700°C. The sintering was carried out for 1 h with a heating rate of 45°C h -1 . In Table 3 , density and open porosity of the presintered samples are presented.
After pressureless sintering, all samples are characterized by a relative density of above 90% and low open porosity indicating that the porosity in the bodies is closed, which qualifies the bodies for the HIP process. Density of samples after sintering at a temperature of 1600°Cwhich is the onset temperature of the last sintering step-is 93.6%, and after sintering at a temperature of 1670 and 1700°C, further densification takes place and the measured relative density of the samples is, respectively, 98.1 and 98.0%.
In Table 4 , the microstructure together with grain size distribution of the pressureless sintered samples is gathered.
Microstructural analysis shows that samples sintered at a temperature of 1600°C possess a median grain size of d 2n50 = 0.69 lm. Samples sintered at the temperature of maximum linear change rate in the last sintering step . This means that the shrinkage observed at this temperature (Fig. 2 ) has its origin in grain growth, which is consistent with the earlier assumption. Further increase in sintering temperature causes a slight increase in grain size as samples sintered at a temperature of 1700°C are characterized by average grain size of d 2n50 = 5.39 lm (Table 4) .
Pores in samples sintered at temperature of 1600°C are of submicrometric size (d n50 = 0.37 lm) and are placed at grains triple junctions. Sintering in higher temperatures causes not only an increase in grain size but also an increase in pore size. Pores in samples sintered at temperature of 1670 and 1700°C have median size diameter of 0.78 and 0.89 lm, respectively ( Table 4 ). They are placed mainly at triple junctions and grain boundaries, but there are also some pores closed in grains visible. Such microstructure is not beneficial for densification in HIP process. According to sintering thermodynamics, the energy required for pore closure is inversely proportional to pore diameter [22] , and thus, it can be concluded that samples with micron-sized pores will need more energy for pore removal than those with pores of submicron size.
Samples after presintering underwent post-sintering in hot isostatic pressing (HIP). In Table 5 , microstructure and grain size distribution of samples after HIP process are presented.
SEM observations of polished and etched surfaces of YAG after HIP process revealed microstructure with no visible porosity (Table 5 ). Grain size distribution of presintered samples is similar in comparison with the ones before HIP process. Median sizes (d 2n50 ) of samples presintered at temperature of 1600, 1670 and 1700°C are 0.61, 4.14 and 4.14 lm, respectively.
The undersize curves of grain size distribution are very similar in each sample population presintered at each of the selected temperatures. A slight decrease in grain size was observed. It is claimed that brittle particles may fracture under externally applied pressure, which leads to comminution of grains [22] . In SEM images ( Table 5 ) presenting microstructure of samples presintered at temperature of 1670 and 1700°C, some grain boundaries create sharp angle. Some longitudinal grains are visible, as well. This kind of microstructural artifacts is quite uncommon in ceramics and was not observed in samples before HIP process. This may indicate that when external pressure was applied, some grains have fractured and the uncommonly shaped grains are in fact parts of larger ones.
According to the observed microstructure, all samples should show beneficial optical properties.
In-line transmittance graph of the YAG samples after polishing and photographs are presented in Fig. 3 .
Depending on presintering parameters, samples show various optical properties after HIP process. The highest transmittance was registered for the sample presintered at a temperature of 1600°C and reaches 78% at a wavelength of 1500 nm and 64% at 808 nm. This is still far from the theoretical transmittance of YAG which is 85% [29] which disqualifies these materials for laser applications, but can be sufficient for viewfinders for thermal applications. Samples sintered at higher temperatures show a much lower transmittance, and at a wavelength of 808 nm for samples sintered at a temperature of 1670 and 1700°C, it is 21 and 23%, respectively.
Conclusions
Transparent YAG ceramics were successfully obtained using nanopowders as starting material, the main phase of which (81.74 mass%) was hexagonal YAP phase.
Samples were formed by uniaxial pressing technique followed by isostatic pressing to a relative density of 51.2%. Formed samples were then densified in a two-stage sintering process, which included pressureless presintering followed by hot isostatic pressing.
Sintering process was examined using high-temperature dilatometer supported by phase analysis vs temperature. The sintering process proceeds in three stages. During the first and the second steps, the phase transformation of YAP and YAM into YAG phase occurs. In the last sintering step which starts at a temperature of 1605°C, the shrinkage is connected with grain growth.
This kind of complementary measurements can be an effective tool for designing monolithic ceramics with a controlled microstructure. Therein, presented results will be applied for fabrication of doped YAG ceramics and other oxide ceramics derived from nanopowders.
Samples were presintered at temperatures of 1600, 1670 and 1700°C. Samples after sintering at a temperature of 1600°C have a relative density of 93.6% and finely grained microstructure with submicrometric pores placed at grain triple junctions. After HIP microstructure analysis of the YAG, ceramics presintered at 1600°C revealed that the pores underwent closure, while a significant change in grain size was not observed (median of projected area diameter is d 2n50 = 0.61 lm). Samples obtained in this manner show in-line transmittance of 78% at a wavelength of 1500 nm, which is sufficient for materials used in viewfinders.
After HIP process, a minor decrease in grain size and untypical microstructure were observed in samples. In order to prove the hypothesis that HIP process caused the comminution of grains, further researches should be performed, i.a., mapping of crystallographic directions of grains by EBSD technique with an emphasis on artifacts present in the microstructure, evaluation of the hardness and fracture toughness of YAG grains and modeling of stresses present during pressure-assisted sintering (HIP).
